Biomedical application of silver nanoparticles has recently gained much attention. In this study, we investigated whether hydrocolloids of silver nanoparticles (nano-Ag) are deposited in chicken bones during embryogenesis and to what extent they can affect biochemical characteristics, mineral content, structure, and mechanical properties of bones. Hydrocolloids (0.3 ml), containing 50 ppm of nano-Ag, were injected in ovo prior to incubation of eggs. After 20 days of incubation, blood and thigh bones were isolated and analysed. Nano-Ag was deposited in embryo thigh bones, but did not affect the structure or mechanical properties of the bone. There was no effect of nano-Ag on the selected biochemical indices, but there was a tendency towards increasing mineral content, indicating that nanoparticles may influence bone mineralization. Considering that nano-Ag is absorbed by the embryo skeleton without affecting bone properties, these particles might be a good candidate for carriers of micronutrients or drugs into bones.
INTRODUCTION
In recent years silver nanoparticles have emerged in a variety of biomedical applications (Salata, 2004; Bhattacharya and Mukherjee, 2008; Rai et al., 2009 ).
Ag nanoparticles (nano-Ag) possess both characteristics of the chemically neutral metal and a substance with a high level of nanoscale fragmentation. Nanoscale together with an enormous surface, lead to the biological activity of nanoparticles even in very low concentrations (Williams, 2002) . The mechanism of this bioactivity is not associated with chemical reactions but with the ability to carry, store and interact bio-electrically (Nagy et al., 1999) .
Recently, it has been demonstrated that nano-Ag does not affect growth, development, or DNA oxidative damage in chicken embryos (Sawosz et al., 2009) . In rat studies, animals exposed to different doses of nano-Ag did not alter body and organ weights, blood biochemistry, haematological characteristics and did not cause bone marrow cytotoxicity. Elevated levels of alkaline phosphatase were observed, however (Kim et al., 2008) . The enzyme is associated with bone formation and it is present in the bone ossification centre before hypertrophic chondrocytes become present. Furthermore, the content of silver in testes, kidneys, liver, brain, lungs and stomach increased with increasing levels of nano-Ag (Kim et al., 2008) , suggesting that this could also be the case for bones. Nevertheless, no data is available regarding the nano-Ag content in bones, either during prenatal or postnatal development. The key factor in chicken development is proper nutrition during embryogenesis (Foye et al., 2006) . The main source of calcium for the growing embryo is its eggshell (Johnston and Comar, 1955) . Thanks to the chorioallantoic membrane releasing acids, which dissolve the eggshell, the availability of the elements is markedly elevated (Leeson and Leeson, 1963) . We hypothesized that nano-Ag can be retained in bones as in other tissues and may have an effect on bone mineralization and development during embryogenesis. This novel approach has not been presented to date. Thus, the objective of the present study was to determine nano-Ag deposition in chicken embryo bones and its potential effect on the mineral content, structure and mechanical properties of bones, and on selected biochemical characteristics.
MATERIAL AND METHODS
The experimental factor used in our analysis was a hydrocolloid of silver nanoparticles prepared with deionized water (Nano-Tech, Polska). The Ag nanoparticles were produced with non-combustible metal of the highest purity. Inseminated eggs of the Ross 308 meat chicken (n=120) were obtained from the Institute of Poultry Farming, Dębówka (Poland) and stored for 4 days at 12°C. The eggs were weighed and randomly divided into three groups with 40 eggs of equal weight (60.4 ± 2.8 g) per group. The eggshell was washed with 0.05% potassium permanganate (KMnO 4 ) at the point of injection (2-3 cm from the sharp end of the egg). The incision in the shell was performed with a sterile scalpel and 300 μl of the experimental solution were injected with a disposable needle. In the placebo group, 0.9% NaCl was injected into the egg. The eggs were incubated to the 20 th day of embryonic development under standard conditions with constant temperature, humidity, and egg rotation (ALMD1 N5 FUH Walenski). Normal conditions (37.7°C, 60% humidity and rotation every 60 min) were applied until the 18 th day of incubation. During the last two days of incubation, the eggs were kept at 37°C and 70% humidity with no rotation. Embryos 20 days of age were sacrificed by decapitation. Blood and thigh bone were isolated from each animal and stored at -20ºC. Each thigh bone was analysed for its calcium, magnesium, iron, copper, zinc and silver contents. The procedure was performed using a laboratory Ethos D microwave system (Milestone). Specimens were placed in high-pressure Teflon dishes and burned with the addition of 5 ml HNO 3 (Merck) and 1 ml H 2 O 2 (Merck). The concentration of the elements was analysed with an ICP-MS spectrophotometer (ELAN DRC II, Perkin Elmer). The results for calcium and magnesium are presented as mg/100 g of tissue, those for the other elements, as mg/kg.
The concentrations of blood serum biochemical characteristics like alkaline phosphatase, Ca, P, Mg were measured by the biochemical analyzer Vitros DT 60 II (modules DT, DTE, DTSC) and ready-to-use slide kits (Johnson and Johnson Ortho-Clinical Diagnostics). The enzyme results are presented in U/l and mineral contents are shown in mmol/l.
Mechanical parameters of the bone were analysed using an INSTRON 4301 apparatus. Tensile strength was measured by applying pressure to the bone's long axis with at a speed of 13 mm/min and force of 10 N. Maximal pressure before breaking and breaking tension (Pa) were recorded. Estimation of the spongy bone trabecular structure was performed in the bone cross section with the use of an SEM Jeol JSM-35 (XT Microscope Control Quanta ver. 2.3) scanning electron microscope at a magnification of 50 and 1500 times.
The data were analysed using mono-factorial analysis of variance ANOVA and the differences between groups were tested by the multiple range Duncan test, using Statgraphics Plus 4.1. Differences with P<0.05 were considered significant.
RESULTS AND DISCUSSION
In the present experiment the content of nano-Ag was 0.25 μg Ag/g egg. Considering that the average weight of bones in the nano-Ag group was 0.22 g, about 8% of the molecular silver administered to the eggs was retained in the thigh bone, which clearly indicates deposition of nano-Ag in the embryo's skeleton.
Nano-Ag did not significantly affect the thigh bone mineral content of the examined chicken embryos (Table 1) , although compared with the control group, the embryos treated with Ag tended to have a higher Ca content (3%) and increased contents of iron (12%) and copper (9%). Copper is a necessary element for the synthesis of bone tissue collagen network, acting together with vitamin B 6 (pyridoxine) as a cofactor of inter-and intra-molecular covalent bond formation (Libby and Aikawa, 2002) . The increased content of Cu improves bone elastic characteristics (Gralak et al., 2004) , while its deficiency leads to rickets, deformation, or excessive brittleness (Puls, 1995) . Nano-Ag did not affect the selected blood biochemical parameters ( Table 2 ), indicating that the treatment did not influence related metabolic pathways. In the nanoAg treated group, we observed a tendency towards an increasing concentration of Ca ions in blood serum. Bone mineralization is a complex process requiring a specific concentration of Ca ions in the body fluids. Under physiological conditions, however, the level of ion activation is below the value causing spontaneous precipitation of calcium phosphates. Consequently, initiation of bone mineralization requires energy and other factors necessary for formation of the crystal primary nucleus. First, the primary nucleus ions can accrete into bigger crystals. Such an increase of crystals can be a source of nucleus mineralization (Dziedzic-Gocławska, 1995) . It can be speculated that nano-Ag has the ability to stimulate the hydroxylapatite formation.
The mean maximum value of pressures before breaking and the breaking tension were similar in all groups (Table 3) , indicating no negative effects of nanoAg on these mechanical characteristics. Physically, bone structure is reinforced by the network of spongy bone trabeculae, which allows maximal efficiency during load carrying (Currey, 2004a) . Bone tissue is built from two main phases: organic-like collagen fibres and mineral-like hydroxylapatite crystals. The mineral phase affects, first of all, elasticity while the fibres affect plasticity. Thus, bone tissue breaking strength depends on the quality and proportion between the phases (Szulc et al., 2005) . The present values of mechanical characteristics demonstrated that nano-Ag had no effect on bone elasticity or plasticity. When discussing bone breaking strength the important aspect is the concept of point of inertia, being dependent on the shape of the section related to the control axis of force interaction. With age, diaphysis long bone diameters increase, causing an elevation of bone point of inertia (Currey, 2004 b) . The structure and size of the spongy bone were evaluated by a scanning electron microscope (SEM). Inspection of thigh bone cross sections (Picture 1) led to the conclusion that the bone structure was not damaged or weakened by nano-Ag.
Increased magnification of SEM images showed that the amount of bone plaques and trabeculae was significantly higher than in bones in the control group. Specific mechanical functions also depend on the direction of bone trabeculae, which are usually related to the lines of pressure forces. The images presented, in all groups, bone diaphysis as hollow cylinders with similar diameters. The space in between the spongy bone trabeculae was filled by the bone marrow.
It can be concluded that nanoparticles of silver were deposited in embryo thigh bones but did not affect bone structure or mechanical properties. There was no effect. of nano-Ag on the chosen biochemical indices, but, there was a tendency towards an increasing content of calcium, iron and copper, indicating that nano-Ag may influence bone mineralization. Considering that there is no available literature dealing with nano-Ag and bone characteristics during embryogenesis, possible effects on bone mineralization require further research. Furthermore, considering that nano-Ag is absorbed by the chicken skeleton without affecting structure, mechanical properties, or biochemical characteristics, it might be a potential carrier of micronutrients or drugs into bones.
